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Requirement for the PDZ Domain Protein, INAD,
for Localization of the TRP
Store-Operated Channel to a Signaling Complex
Jorge Chevesich,* Andrew J. Kreuz,* channel (SOCC) (Shieh and Zhu, 1996; Huber et al.,
1996). The demonstration that INAD interacts with TRPand Craig Montell
and that disruption of this interaction results in an abnor-Departments of Biological Chemistry and Neuroscience
mal light response has led to the suggestion that INADThe Johns Hopkins University School of Medicine
may be a regulatory subunit of the TRP channel (ShiehBaltimore, Maryland 21205
and Zhu, 1996; Huber et al., 1996). INAD contains two
PDZ domains but is lacking an SH3 domain and a gua-
nylate kinase domain found in the MAGUK family ofSummary
PDZ-containing proteins, such as PSD-95 (reviewed in
Gomperts, 1996). The single existing InaD allele, InaDP215,In Drosophila, the store-operated Ca21 channel, TRP,
is caused by a pointmutation in thesecond PDZ domain,is required in photoreceptor cells for a sustained re-
which results in disruption of binding to the C-terminussponse to light. Here, we show that TRP forms a com-
of TRP (Shieh and Zhu, 1996).plex with phospholipase C-b (NORPA), rhodopsin
Both INAD and TRP were originally identified as Dro-(RH1), calmodulin, and the PDZ domain containing
sophila mutations affecting phototransduction (Cosensprotein INAD. Proteins with PDZ domains have pre-
and Manning, 1969; Pak, 1979). The InaDP215 mutant wasviously been shown to cluster ion channels in vitro.
isolated on the basis of an abnormal electroretinogramWe show that in InaD mutant flies, TRP is no longer
(Pak, 1979) and was later shown todisplay a slow deacti-spatially restricted to its normal subcellular compart-
vation of the light-induced current (Shieh and Neimeyer,ment, therhabdomere. These results provide evidence
1995). Mutations in trp result in a transient receptorthat a PDZ domain protein is required, in vivo, for
potential due to a defect in light-induced Ca21 entryanchoring of an ion channel to a signaling complex.
(Hardie and Minke, 1992; Peretz et al., 1994). The trpFurthermore, disruption of this interaction results in
gene encodes a protein of 1275 amino acids with aretinal degeneration. We proposethat theTRP channel
predicted topology similar to the superfamily of voltage-is linked to NORPA and RH1 to facilitate feedback
gated and second-messenger gated ion channels (Mon-regulation of these upstream signaling molecules.
tell et al., 1985; Montell and Rubin, 1989; Wong et al.,
1989). Functional expression of TRP in Sf9 cells andIntroduction
Xenopus oocytes demonstrates that it is a Ca21 channel
activated by release of Ca21 from internal Ca21 storesCompartmentalization of ion channels to specific sub-
(Vaca et al., 1994; Peterson et al., 1995). Thus, TRPcellular sites in neurons is crucial for achieving speci-
appears to be the archetypal SOCC. Recently, verte-ficity and rapid responses in signaling (reviewed in
brate homologs of TRP have been identified (PetersonGomperts, 1996; Ehlers et al., 1996a). For example,
et al., 1995; Wes et al., 1995; Zhu et al., 1995) and re-Shaker-type K1 channels are concentrated in presynap-
ported to be activated by release of Ca21 from internal
tic terminals as well as in nodes of Ranvier of myelinated
stores (Zhu et al., 1996; Zitt et al., 1996).
axons, where they are important in propagation of the
While there are some indications that proteins con-
action potential. N-methyl-D-aspartate (NMDA) recep-
taining one or more PDZ domains may be required for
tors, which play roles insynaptic plasticity, are restricted
proper compartmentalization of ion channels, proteins
primarily to postsynaptic sites.
with PDZ domains may serve additional functions. Since
The molecular mechanisms controlling the targeting
signaling proteins other than ion channels have been
and anchoring of the different classes of ion channels shown to bind proteins with PDZ domains (reviewed
to specific subcellular locations are not well understood.
in Gomperts, 1996), it is plausible that PDZ-containing
Recently, PSD-95, a protein containing three z90 amino
proteins, such as INAD, may link multiple signaling pro-
acid PDZ domains, has been shown to bind and cluster
teins together into one complex.
Shaker-type K1 channels or the NMDA receptor in vitro In the case of Drosophila phototransduction, many
(Kim et al., 1995; 1996; Kornau et al., 1995). Furthermore, candidate signal transduction molecules could poten-
these ion channels colocalize with PSD-95 (Kim et al., tially be linked to the TRP–INAD complex. These include
1995; Kornau et al., 1995). These data suggest that pro- rhodopsin, which is activated by light and initiates the
teins containing PDZ domains may be required for an- phototransduction cascade, and the heterotrimeric G
choring certain neuronal ion channels to specific subcel- protein, DGq, which is the downstream effector for rho-
lular sites in vivo. dopsin (Lee et al., 1990; Scott et al., 1995). The effector
We have taken advantage of an existing mutation in a for the G protein is a phospholipase C-b, encoded by
Drosophila PDZ domain protein, INAD (Pak, 1979; Shieh the norpA locus, which cleaves phophatidylinositol 4,5-
and Neimeyer, 1995), to determine whether a PDZ do- bisphosphate (PIP2) to produce the two second messen-
main protein is required in vivo for anchoring an ion gers inositol (1,4,5)-trisphosphate (IP3) and diacylglyc-
channel to its normal subcellular compartment. INAD is erol (Bloomquist et al., 1988). Interestingly, INAD from
a photoreceptor cell-specific protein (Shieh and Neime- the blowfly, Calliphora, has been shown to coimmuno-
yer, 1995) that binds to the TRP store-operated Ca21 precipitate with Calliphora NORPA (Huber et al., 1996).
The rise in IP3 is thought to result in the release of Ca21
from the internal Ca21 stores, leading to the activation*These authors contributed equally to this work.
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of the SOCC TRP. Another protein that appears to be
important in phototransduction is the calcium regulatory
protein calmodulin. Calmodulin is abundantly expressed
in the Drosophila retina, and mutants that express de-
creased levels of calmodulin in the photoreceptor cells
display a defect in termination of the photoresponse
(Porter et al., 1993; 1995).
In the current paper, we show that TRP forms a signal-
ing complex that includes calmodulin, NORPA, rhodop-
sin (RH1), and INAD. TRP is normally spatially restricted
to the microvillar portion of the photoreceptor cells, re-
ferred to as the rhabdomeres (Niemeyer et al., 1996).
However, in InaDP215 flies, we found that the spatial local-
ization of TRP is severely disrupted. All other rhabdom-
eral signaling proteins examined, including NORPA,
RH1, and INAD, localized normally in InaDP215 flies. These
data provide evidence that a PDZ domain is required in
vivo for anchoring an ion channel to its normal subcellu-
lar site. Thus, it appears that INAD is required for spa-
tially localizing TRP to a large signaling complex.
Results
Dependence of TRP Localization on the PDZ
Domain Protein, INAD
To determine whether the INAD protein is required for
anchoring TRP to the rhabdomeres, we compared the
spatial distribution of TRP in cross sections of wild-
type and InaDP215 eyes. Drosophila compound eyes are
composed of approximately 800 ommatidia, each of
Figure 1. TRP and INAD Localization in Wild-Type and InaDP215 om-which contains 20 cells including 8 photoreceptor cells.
matidia
Each photoreceptor cell contains a specialized microvil-
Cross sections of adult eyes, obtained from 1- to 3-day-old dark-
lar structure, referred to as a rhabdomere, which serves reared adults, were sectioned and stained with either TRP or INAD
as a phototransducing organelle. Six of the photorecep- antibodies.
tor cells, R1–6, contain large rhabdomeres that extend (A) Sections from wild-type and InaDP215 flies (indicated to the left
of the panels) stained with a-TRP antibodies and FITC-conjugatedthe full depth of the retina. The remaining two photore-
secondary antibodies. The left panels show the immunofluores-ceptor cells, R7 and R8, contain small rhabdomeres,
cence (IF), and the right panels show the phase contrast (Phase).which occupy the central distal and proximal regions of
CB, cell body; CM, central matrix; and R, rhabdomere.
the retina, respectively. Thus, within any given plane of (B) Wild-type and InaDP215 sections (indicated above the panels)
section, there are six large rhabdomeres and one small stained with a-INAD antibodies.
rhabdomere.
In wild-type flies, TRP was expressed specifically in
1B). Thus, the altered localization of TRP in InaDP215 fliesthe rhabdomeres (Figure 1A). Moreover, in agreement
did not appear to be a consequence of mislocalizationwith a recent report (Niemeyer et al., 1996), TRP was
of INAD. In addition, the change in spatial localizationdistributed throughout the rhabdomeres. Of primary sig-
appeared to be specific to TRP since there was no varia-nificance here, TRP was not localized specifically to the
tion in the distribution of other rhabdomeral proteinsrhabdomeres in InaDP215 (Figure 1A). Instead, TRP was
between wild-type and InaDP215 flies (see below).distributed in photoreceptor cell bodies and rhabdom-
eres. In addition, we found a significant proportion of
InaD Flies Undergo Retinal DegenerationTRP in the extracellular central matrix.
trp flies have been shown to undergo slow, progressiveTo determine whether the change in localization of
retinal degeneration (Cosens and Perry, 1972; Stark andTRP in InaDP215 was due to mislocalization of INAD, we
Sapp, 1989). Since TRP is severely mislocalized inexamined the distribution of INAD in wild-type and
InaDP215 flies, we investigated whether InaDP215 is alsoInaDP215 flies. The INAD protein was previously shown
characterized by retinal degeneration. Wild-type fliesto be expressed specifically in photoreceptor cells
do not undergo any discernible age-dependent retinal(Shieh and Neimeyer, 1995). To examine the subcellular
degeneration; therefore, the morphology at 25 days oflocalization of INAD, we stained cross sections of adult
age (Figures 2A and 2D) is indistinguishable from newlycompound eyes with INAD antibodies. We found that
eclosed flies. Young InaDP215 flies, such as those usedINAD was expressed specifically in the rhabdomeres
for the immunolocalization studies described above, ex-(Figure 1B) in a pattern that was indistinguishable from
hibited a morphology that deviated little if any from wild-TRP and other rhabdomere-specific proteins. In addi-
type flies (Figure 1A). However, the rhabdomeres in InaDtion, the spatial distribution of INAD expressed in
InaDP215 flies was indistinguishable from wild type (Figure flies, aged for 25 days posteclosion under a 12 hr
INAD Required to Localize TRP to Signaling Complex
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Figure 2. InaDP215 Photoreceptor Cells Undergo Degeneration
Thin sections of compound eyes were prepared from 25-day-old flies and viewed by transmission electron microscopy.
(A) and (D) Wild-type (w1118)
(B) and (E) w; InaDP215
(C) and (F) w; trpP301. Insets in (E) and (F) are higher magnification views showing blebbing at ends of microvilli (indicated by arrowheads).
(A–C) and (D–F) are the same magnifications. Scale bars in (A), (D), and the insets are 3, 1, and 0.5 mM, respectively.
light–12 hr dark cycle, were either missing, reduced in shown to coimmunoprecipitate with NORPA (Huber et
al., 1996). To determine whether Drosophila INAD bindssize, or altered in shape (Figures 2B and 2E). The degen-
eration in trpP301 flies, which were also aged for 25 days NORPA, we performed an overlay assay. Total extracts
from wild-type, trpP301, trpl302, and norpAP24 heads wereunder a 12 hr light–12 hr dark cycle, was very similar,
although the sizes of some InaDP215 rhabdomeres were fractionated by SDS–polyacrylamide gel electrophore-
sis (PAGE) and probed with full-length INAD labeled inslightly larger than trpP301 (Figures 2C and 2F). Microvilli
within the affected InaDP215 rhabdomeres appeared vitro with 35S. Binding conditions were used that resulted
in interaction with only the z130 kDa protein and notswollen and distended compared with wild type. Fur-
thermore, a significant amount of vesiculation was ob- TRP (see Experimental Procedures). DIP2 was detected
in wild-type, trpP301, and trpl302 flies but was dramaticallyserved in the microvilli of the degenerating rhabdom-
eres. The swollen microvilli and vesiculation of the reduced in norpAP24 flies, indicating that DIP2 is NORPA
(Figure 3A). To provide additional evidence that the 130rhabdomeral membrane observed in 25-day-old omma-
tidia closely resembled that reported in trp rhabdomeres kDa protein is NORPA, we stripped the filter of the 35S-
labeled INAD probe and reprobed the filter with antibod-of similar age (Cosens and Perry, 1972; Stark and Sapp,
1989). Degeneration of the central R7 rhabdomere was ies to NORPA. We found that the 130 kDa protein comi-
grated with NORPA (Figure 3B). The greatly reducedless pronounced than in the R1–R6 cells, again similar
to the degeneration seen in trpP301. As with trp, the de- NORPA signal in norpAP24 flies was not due to a reduced
concentration of retinal proteins in the norpAP24 sincegeneration in InaDP215 was light-dependent since no de-
generation was detected after aging the flies for 25 days two other retinal-specific proteins, NINAC p132 and
p174 (Montell and Rubin, 1988), were detected at similarin the dark (data not shown).
levels in all lanes (Figure 3C).
The observations that INAD binds TRP and NORPANORPA, RH1, and Calmodulin Form
a Signaling Complex with TRP raises the question as to whether separate INAD mole-
cules bind TRP and NORPA or whether TRP, INAD, andIn addition to TRP, Drosophila INAD binds another pro-
tein of z130 kDa, referred to as DIP2 (Shieh and Zhu, NORPA are all part of one signaling complex. To address
this question, we tested whether TRP and NORPA coim-1996). NORPA is a likely candidate for DIP2 since the
predicted molecular weight of NORPA is 125 kDa munoprecipitated. Extracts were prepared from wild-
type and InaDP215 flies, immunoprecipitated with NORPA(Bloomquist et al., 1988), and Calliphora INAD has been
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Figure 3. Drosophila INAD Binds NORPA
(A) Extracts from wild-type (wt), trpP301 (trp), trpl302 (trpl), and norpAP24 (norpA) heads were fractionated by SDS–PAGE (6% gel), transferred to
a PVDF membrane, and probed with full-length INAD protein labeled in vitro with 35S.
(B) Filter shown in (A) was stripped of the 35S-labeled INAD and reprobed with antibodies to NORPA and 125I-labeled goat anti-mouse IgG.
(C) Filter shown in (B) was stripped of the anti-NORPA antibodies and reprobed with antibodies to the two NINAC proteins and 125I-labeled
protein A. Protein molecular weight size markers (kDa) are shown to the left of (A).
antibodies, and probed with TRP. TRP coimmunopreci- expressed in the rhabdomeres, including NINAC p174 (a
fused protein kinase–myosin; Montell and Rubin, 1988;pitated with NORPA from wild-type but not from InaDP215
flies, indicating that TRP and NORPA were associated Porter et al., 1992), INAC (an eye-specific protein kinase
C (Smith et al., 1991), and the RH1 rhodopsin (O’Tousain the same complex and that their interaction required
INAD (Figure 4A, top lane). The absence of a TRP band et al., 1985; Zuker et al., 1985). Although we did not
detect coimmunoprecipitation between TRP and NINACin the InaDP215 extracts was not due to inefficient immu-
noprecipitation of NORPA since a similar concentration or INAC (data not shown), TRP coimmunoprecipitated
with RH1; however, TRP did not coimmunoprecipitateof NORPA was detected in the wild-type and InaDP215
lanes (Figure 4A, bottom lane). with nonimmune serum (Figure 4B, top lane). Moreover,
TRP did not coimmunoprecipitate with RH1 in an InaDP215In addition toNORPA, we tested for coimmunoprecipi-
tation between TRP and several other signaling proteins background (Figure 4B, top lane). This latter result was
Figure 4. TRP Coimmunoprecipitates with
NORPA or RH1
Extracts from wild-type (wt) or InaDP215 (InaD)
heads were prepared and used for the immu-
noprecipitations. After immunoprecipitating
with either a-NORPA or a-RH1 antibodies,
the immunocomplexes were fractionated by
SDS–PAGE (6% gel) and transferred to PVDF
membranes.
(A) Extracts were immunoprecipitated with
a-NORPA antibodies, and the filter was
probed with anti-TRP. The position of the TRP
signal is indicated in the top lane. The same
filter was reprobed with anti-NORPA after
stripping the a-TRP antibodies (bottom lane).
(B) Wild-type (wt) and InaDP215 (InaD) extracts
were immunoprecipitated with a-RH1 anti-
bodies or nonimmune serum (NIS), and the
PVDF membrane was probed with anti-TRP
antibodies. The position of the TRP signal in
the top lane is indicated. The same filter was
reprobed with anti-RH1 antibodies after strip-
ping the a-TRP antibodies (bottom lane).
RH1, boiled in SDS–sample buffer, forms
a heterogeneous population of multimers.
Shown is the dimer form of RH1.
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not a consequence of a failure to immunoprecipitate
RH1 from InaDP215 since, upon reprobing the filter shown
in Figure 4B with antibodies to RH1, we found that RH1
was immunoprecipitated from wild type and InaDP215
(Figure 4B, bottom lane).
Calmodulin is another protein that potentially could
be part of the TRP signaling complex since calmodulin
is concentrated at high levels in the rhabdomeres (Porter
et al., 1993) and binds several types of ion channels
including TRPL, a nonspecific cation channel with
z40% homology to TRP over the N-terminal 700 resi-
dues (Phillips et al., 1992; Hu and Schilling, 1995; re-
viewed in Saimi and Kung, 1994). To determine whether
TRP binds calmodulin, we tested for binding to calmod-
ulin–agarose affinity resin. Extracts were prepared from
wild-type flies, incubated for 60 min with calmodulin
affinity resin, the unbound and bound fractions were
fractionated by SDS–PAGE, and the TRP protein was
detected on protein blots. The majority of the TRP pro-
tein was in the bound fraction (Figure 5A). In addition,
TRP bound to the calmodulin–agarose in the presence
or absence of Ca21 (Figure 5A) but did not bind to gela-
tin–agarose under any conditions tested (data not
shown).
Since TRP bound INAD and calmodulin, INAD might
associate with calmodulin–agarose via TRP. To test this
proposal, we repeated the calmodulin–agarose binding
assay and probed with antibodies to INAD. The extracts
were incubated with the calmodulin–agarose for only 5
min since, in Ca21-free buffer, over half of the total INAD
was gradually degraded during the longer incubation
period, 60 min, used to bind TRP to the affinity resin
(data not shown). We found that INAD associated with
the calmodulin–agarose (Figure 5B). Moreover, the INAD
bound to the affinity resin in a Ca21-dependent manner
(Figure 5B). As the binding of TRP to calmodulin–
agarose is Ca21-independent, these data suggest that Figure 5. TRP and INAD Binds to Calmodulin–Agarose
INAD did not bind calmodulin–agarose through TRP Extracts were prepared from wild-type heads, incubated with cal-
alone. modulin–agarose in the presence (1) or absence (2) of Ca21,
To confirm calmodulin binding to TRP, an overlay washed, and the bound (B) and unbound (U) fractions were fraction-
ated by SDS–PAGE (6% gel).assay was employed. Various portions of TRP, N-termi-
(A) Extracts were incubated for 60 min with the calmodulin–agarosenal (amino acids 1–333), or C-terminal (amino acids 682–
and probed with a-TRP antibodies.1275) to the six putative transmembrane domains were
(B) Extracts were incubated for 5 min with calmodulin–agarose and
fused to b-galactosidase or glutathione-S-transferase probed with a-INAD antibodies.
(GST), expressed in E. coli, fractionated by SDS–PAGE,
and probed with biotinylated calmodulin in the presence
flies, we compared the spatial distributions in wild-typeof Ca21. One fragment of TRP (residues 682–977)
and InaD ommatidia. NORPA, which binds the wild-typeC-terminal to the transmembrane domains bound cal-
and mutant INADP215 proteins, displayed a similar rhab-modulin (Figures 6A–6C). Neither b-galactosidase nor
domere-specific expression pattern in wild type andGST alone nor any other TRP fusion protein bound cal-
InaDP215 (Figure 7A). We also examined the distributionmodulin (Figure 6C). To determine whether the binding
of RH1, which is expressed only in the R1–6 cells, andto calmodulin was Ca21-dependent in the overlay assay,
found that it was expressed exclusively in the rhabdom-we repeated the assay in the absence of Ca21. We found
eres of wild-type and InaDP215 (Figure 7A).that calmodulin bound TRP in the overlay assay only in
Since the eye–PKC encoded by the Calliphora inaCthe presence of Ca21 (data not shown). Taken together,
locus phosphorylates INAD (Huber et al., 1996), it isthese data indicate that TRP was part of a complex
possible that this phosphorylation would affect the TRP–that included at least five signaling proteins: calmodulin,
INAD interaction. However, TRP was normally localizedNORPA, RH1, INAD, and TRP.
in the inaCP209 mutant (Figure 7B). Furthermore, TRP was
detected only in the rhabdomeres of norpA flies (FigureLocalization of Proteins in the TRP
7B). Thus, TRP was the only protein that mislocalized,Signaling Complex
and this alteration in its normal cellular distribution wasTo determine whether other rhabdomere-specific pro-
teins in the TRP complex were mislocalized in InaDP215 observed only in InaDP215 flies.
Neuron
100
Figure 6. TRP Binds to Calmodulin in a Gel
Overlay Assay
Various portions of TRP were fused to either
b-galactosidase or GST, fractionated by
SDS–PAGE (10% gel), and probed with bio-
tinylated calmodulin.
(A) Schematic of TRP fusion proteins. The
full-length TRP protein, with the six putative
transmembrane domains, is indicated. The
open boxes (1, 3, 4, and 5) indicate the fusions
that failed to bind calmodulin, and the closed
box (2) indicates the fusion that bound cal-
modulin. The following list indicates b-galac-
tosidase (b) or GST fusions (G). The TRP resi-
dues are listed in parentheses: 1) G-(1–333);
2) b-(683–976); 3) G-(976–1275); 4) b-(998–
1120); and 5) b-(1160–1275). Due to differ-
ences in the molecular weights of b-gal and
GST (116 and 29 kDa, respectively), the sizes
of the b-gal and GST TRP fusion proteins var-
ied considerably.
(B) Total E. coli extracts, expressing one TRP
fusion protein (1–5), or b-gal (b) or GST (G)
alone, were fractionated by SDS–PAGE (10%
gel) and stained with Coomassie-blue. The
GST and b-gal proteins and fusions are indi-
cated in each lane by the open and closed
arrowheads, respectively. The molecular
weights of GST and b-gal are indicated to the
right in kDa.
(C) Gel identical to (B), except the proteins
were transferred to nitrocellulose and probed
with biotinylated calmodulin.
Discussion in InaDP215 mutant flies, TRP was no longer restricted to
the rhabdomeres. Instead, some TRP was detected in
the cell bodies, and a large proportion of TRP was foundDependence on INAD for Localization
of TRP to the Rhabdomeres in the extracellular central matrix. The mislocalization of
TRP in the central matrix might have occurred during theThe mechanisms controlling the targeting, clustering, and
anchoring of ion channel proteins in the nervous system normal turnover of the photoreceptor cell membrane,
which involves shedding of the microvillar rhabdomeralare poorly understood. However, proteins containing
PDZ domains have emerged as important components membrane into thecentral matrix (Blest, 1988). The alter-
ation in localization of TRP in InaDP215 was specific sincein ion channel clustering (reviewed in Gomperts, 1996;
Ehlers et al., 1996a). The PSD-95 family of PDZ proteins all other rhabdomere-specific proteins examined dis-
played indistinguishable expression patterns in wildhave been shown to colocalize with Shaker-type K1
channels as well as to mediate ion channel clustering type and InaDP215. Although a significant proportion of
TRP was mislocalized in InaDP215, some TRP remainedin vitro (Kim et al., 1995; 1996; Kornau et al., 1995).
Another class of PDZ domain proteins distinct from the in the rhabdomeres. Since the only existing InaD allele,
InaDP215, is caused by a point mutation in the secondPSD-95 class, INAD, binds the store-operated Ca21
channel TRP (Shieh and Zhu, 1996; Huber et al., 1996), PDZ domain, it is possible that there remains some weak
interaction between TRP and INADP215 that cannot bealthough a potential role of INAD in ion channel localiza-
tion had not been addressed. In the current report, we detected in vitro. If so, it is possible that no proportion
of TRP would be detected in the rhabdomeres of nullfound that INAD and TRP colocalized in the specialized
microvillar compartment of the photoreceptors, the InaD flies. However, the dramatic change in localization
of TRP detected in InaDP215 provided evidence that arhabdomere. Of primary significance here, we found that
INAD Required to Localize TRP to Signaling Complex
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Figure 7. Spatial Localization of Signaling
Proteins
All panels show immunofluorescence re-
sulting from staining with indicated primary
antibodies and FITC-conjugated secondary
antibodies.
(A) Cross sections of adult wild-type or
InaDP215 (indicated at the top of the panels)
ommatidia were stained with antibodies to
either RH1 (a-RH1) or NORPA (a-PLC) (indi-
cated to the left of the panels) and an FITC-
labeled secondary antibody.
(B) Sections of inaC and norpAP24 ommatidia
(indicated to the top of the panels) were
stained with a-TRP antibodies.
PDZ domain protein is required in vivo for targeting to trpP301, may be due to the presence of the remaining
fraction of TRP in the rhabdomeres of InaDP215. Both theor anchoring an ion channel to its normal subcellular
localization. electrophysiological and retinal degeneration pheno-
types of InaDP215 appeared to be due to the disruptionINAD has recently been shown to bind the eye–PKC
encoded by inaC and is phosphorylated in vitro by PKC of the INAD–TRP interaction, rather than from perturba-
tion of some other protein interaction with the altered(Huber et al., 1996). These data raise the possibility that
PKC-mediated phosphorylation of INAD may affect INADP215 protein, since all other rhabdomeral proteins
examined, including NORPA, RH1, and INAD, were local-binding to TRP. However, we found that TRP is localized
normally in inaC flies, indicating that the PKC-mediated ized normally in InaDP215.
phosphorylation is not critical for the TRP–INAD inter-
action. Association of TRP, INAD, and Calmodulin
We found that TRP was part of a complex composed
of at least five signaling proteins: TRP, calmodulin,Requirement of the TRP–INAD Interaction
to Prevent Retinal Degeneration NORPA, RH1, and INAD (see the model in Figure 8).
Evidence that TRP was a calmodulin-binding proteinThere are several phenotypic consequences resulting
from disruption of the INAD–TRP interaction. InaD flies was that TRP bound in solution to calmodulin–agarose
affinity resin and to calmodulin in a gel overlay assay.lack the prolonged depolarization afterpotential induced
in wild type by blue light (Pak, 1979) and, in whole cell Calmodulin binding sites are often amphiphilic se-
quences or IQ motifs (reviewed in O’Neil and DeGrado,recordings, show a slow deactivation of the light-
induced current (Shieh and Neimeyer, 1995). In addition 1990; Cheney and Mooseker, 1992). However, no such
sequences are found in the region of TRP that bindsto the electrophysiological impairment, we found that
InaD flies undergo age- and light-dependent retinal de- calmodulin. A number of calmodulin-binding proteins
have been identified that contain sites that are not am-generation. The retinal degeneration followed a similar
slow time course and resulted in morphological defects phiphilic helices but consist of basic amino acids inter-
spersed with nonpolar amino acids (e.g., Warr and Kelly,similar to that induced in trp flies (Cosens and Perry,
1972; Stark and Sapp, 1989). The slightly larger diameter 1996; Wes et al., 1996). Based on these criteria, the
best candidate calmodulin-binding site in TRP includesof some of the 25-day-old InaDP215 rhabdomeres, relative
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Figure 8. A Speculative Model of the TRP
Signaling Complex
TRP binds directly to calmodulin and INAD
and indirectly to NORPA and RH1 via INAD.
Evidence that the TRP interaction with
NORPA and RH1 is through INAD is that TRP
does not coimmunoprecipitate with these
proteins in InaDP215 flies. INAC binds INAD
(Huber et al., 1996) and is therefore proposed
to be part of the complex. The DGq trimeric
G protein (Gqa, b, and g) is proposed to tran-
siently interact with the complex.
residues 705–725. TRPL, the nonspecific cation channel to this large complex. Since RH1 is a G-protein-coupled
receptor involved in inositol phospholipid signaling, it isthat shares sequence homology with TRP, also binds
calmodulin and does so via two sites, CBS-1 and CBS-2 likely that the heterotrimeric G protein mediating Dro-
sophila vision, DGq (Lee et al., 1990; Scott et al., 1995),(Warr and Kelly, 1996). Binding to CBS-1 is Ca21 depen-
dent, and CBS-2 binds the Ca21-free form of calmodulin. is also part of the complex, at least transiently. However,
a recent attempt to coimmunoprecipitate CalliphoraInterestingly, although there is no apparent primary
amino acid sequence identity between the TRPL cal- INAD with heterotrimeric G proteins yielded negative
results (Huber et al., 1996).modulin-binding sites and the corresponding region of
TRP, CBS-1 is precisely colinear with residues 705–725 An intriguing question concerns the function of the
complex between TRP, NORPA, and RH1. The currentand shares similar overall charge characteristics.
A potential function of the TRP–calmodulin interaction model for Drosophila phototransduction is that IP3, gen-
erated through activation of NORPA, binds to the IP3is in channel inactivation, modulation, or gain control.
The mechanisms by which SOCCs are activated and receptor, resulting in release of Ca21 from internal Ca21
stores (reviewed in Hardie and Minke, 1993; Rangana-inactivated are poorly understood. However, one SOCC
important in T cell activation, referred to as the CRAC than et al., 1995). The release of Ca21 from the stores
is proposed to activate TRP through a conformationalchannel, appears to be rapidly inactivated through ac-
tion of Ca21 bound either directly to the channel or coupling mechanism or via a diffusible messenger (re-
viewed in Berridge, 1995; Bennett et al., 1995; Hardiethrough another protein closely associated with the
channel (Zweifach and Lewis, 1995). The observation and Minke, 1995). However, this model for Drosophila
phototransduction does not require a single complexthat TRP binds calmodulin raises the possibility that
TRP may also be inactivated through a Ca21-dependent containing NORPA, RH1, and TRP. An attractive possi-
bility, which we favor, is that TRP is complexed withmechanism mediated by calmodulin. Several other ion
channels appear to be inactivated through interaction NORPA, RH1, and possibly the INAC eye–PKC to facili-
tate negative feedback regulation, such as occurs inwith calmodulin, including the NMDA receptor and the
cGMP-gated ion channel (Hsu and Molday, 1993; Liu et adaptation or inactivation. INAD may serve as an
adapter to link TRP with NORPA and RH1 to facilitateal., 1994; Gordon et al., 1995; Ehlers et al., 1996b).
The observation that INAD associated with calmodu- modulation of NORPA and/or RH1 activity by TRP activ-
ity. Consistent with this proposal, disruption of the TRP–lin–agarose and, in contrast to TRP, did so in a Ca21-
dependent manner indicates that the association with INAD interaction and mislocalization of TRP in InaDP215
flies result in a slow deactivation of the light-inducedcalmodulin was not through TRP. Therefore, INAD either
binds calmodulin directly or is indirectly complexed with current. Furthermore, whole cell recording studies have
demonstrated that the InaDP215 phenotype requires Ca21calmodulin via a protein other than TRP. These data
raise the intriguing possibility that INAD may serve as a entry (Shieh and Neimeyer, 1995). Under conditions in
which there is no Ca21 entry, the light response ofCa21-dependent regulatory protein in the TRP complex.
InaDP215 photoreceptor cells is indistinguishable from
wild type.Association of TRP with RH1 and NORPA May Be
to Facilitate Feedback Regulation Further support for the proposal that TRP is associ-
ated with the signaling complex for feedback regulationThe evidence that NORPA and RH1 were associated in
the same complex with TRP was that TRP coimmuno- of phototransduction is the observation that the other
proteins in the TRP signaling complex are affected byprecipitated with theseproteins. TRP didnot coimmuno-
precipitate with NORPA or RH1 in InaDP215 flies, indicat- Ca21. NORPA has been shown to be activated maximally
at low concentrations of Ca21, suggesting that the TRP-ing that these interactions were mediated through INAD.
The observation that NORPA and RH1 were complexed medIated Ca21 flux serves a negative regulatory function
(Inoue et al., 1988). In addition, Ca21 has been shownwith TRP raises the possibility that most of the major
proteins that are important in phototransduction, from to enhance dephosphorylation of Drosophila rhodopsin
and phosphorylation of Drosophila arrestin, a proteinrhodopsin to the TRP channel, may be associated in
one complex (see the model in Figure 8). An important that binds to rhodopsin and plays a role in the termina-
tion mechanism of rhodopsin (Byk et al., 1993). As INADrole of INAD appears to be anchoring the TRP channel
INAD Required to Localize TRP to Signaling Complex
103
supernatants were removed. The unbound proteins in the superna-associated with calmodulin, in a Ca21-dependent man-
tants were precipitated with trichloroacetic acid, washed with ace-ner, INAD may be modulated by Ca21 fluxes as well. A
tone, air-dried, and resuspended in 250 ml of 23 SDS sample buffer.calcium channel, such as TRP, may be complexed with
The pelleted calmodulin–agarose beads were washed twice with 1
other signaling proteins, rather than at a distance in ml of buffer C or D by inverting several times. The washed beads
the membrane, to facilitate rapid responses to local were pelleted by centrifugation, and 200 ml of 23 SDS sample buffer
was added to yield a final volume of 250 ml. Supernantants andchanges in Ca21 concentration, which might not be pos-
beads were boiled for 3 min, and 50 ml of each sample was fraction-sible otherwise. It will be interesting to learn whether
ation by SDS–PAGE. Subsequently, the proteins were electrotransf-other ion channels linked to proteins containing PDZ
erred to PVDF membrane (Westran, S&S). The TRP or INAD proteins,domains are also associated with, and modulate the
immobilized on the PVDF membranes, were identified by probing
activities of, proteins that act upstream in signaling cas- with anti-TRP antibodies, followed by 125I-protein A or anti-INAD
cades. antibodies, followed by 125I-labeled goat-anti-rat IgG.
Experimental Procedures Coimmunoprecipitations
Frozen fly heads (13 mg) were homogenized in 1 ml of buffer A (20
Production of Fusion Protein Expression Constructs mM Tris-HCl [pH 7.5], 100 mM NaCl, 5 mM MgCl2, 10% sucrose, 1
Several TRP fusion proteins were generatedfor the calmodulin over- mM EDTA, 10 mg/ml pepstatin A, and 13 c[I]mplete [Boehringer])
lay experiment and to produce a rabbit polyclonal antiserum to TRP containing 1% CHAPS using a Dounce homogenizer with 20–30
(see below). Fusions 1–5 (Figure 6A) are referred to as follows with strokes. The buffers and homogenizer were kept on ice at all times.
the appropriate TRP residues in parentheses: 1) pGEX-N-term The extracts were centrifuged at 16,000 3g for 5 min at 48C to
(1–333); 2) ptrp-PvuII (683–976); 3) pGEX-TRP (976–1275); 4) pZETRP remove cell debris. Homogenates were stored in 100 ml aliquots
(998–1120); and 5) pZCTRP (1160–1275). pGEX-N-term encodes a at 2808C until the immunoprecipitation reactions were performed.
GST fusion protein constructed by amplifying trp nucleotides 193– Before the respective antibodies were added, the frozen homoge-
1190 (Montell and Rubin, 1989) by the polymerase chain reaction nates were diluted up to 1 ml with buffer A to achieve a final concen-
(PCR) and subcloning the PCR product between the EcoRI (59 end) tration of 0.2% CHAPS. Subsequently, 1 ml of the appropriate anti-
and SalI (39 end) sites of pGEX-5X-1 (Pharmacia). ptrp-PvuII is a bodies were added and incubated for 45 min at 48C with constant
b-galactosidase fusion protein consisting of the trp PvuII fragment rotation. (Immunoprecipitation assays, which were initially incu-
(nucleotides 2234–3120) subcloned into pUR288 (Ru¨ther and Mu¨ller- bated with mouse anti-NORPA andmouse anti-RH1, were then incu-
Hill, 1983). To create the ptrp-PvuII construct, the trp PvuII fragment bated with 3 ml of rabbit anti-mouse IgG for an additional 30 min at
was first subcloned into the EcoRV site of pBluescript II KS1 (Stra- 48C.) To reduce nonspecific binding to the protein A–TrisAcryl beads
tagene) and subsequently transferred into pUR288 by excising the (Pierce) and protein G–Agarose beads (SIGMA), the beads were first
insert with XbaI and SalI and subcloning into the XbaI and SalI incubated with buffer A containing 0.2% CHAPS and 1% BSA for
sites of pUR288. pGEX-TRP/976–1275 was constructed by PCR at least 30 min at 48C. The immunocomplexes were then incubated
amplification of nucleotides 3116–4016 and subcloning into the for 30 min at 48C with 50 ml of a 50% slurry of the blocked protein
BamHI–XbaI sites of pGEX-KG. The construction of pZETRP was A–TrisAcryl beads in buffer A plus 0.2% CHAPS. The immunocom-
described previously (Montell and Rubin, 1989). pZCTRP was con- plexes bound to protein A–TrisAcryl beads and protein G–Agarose
structed by subcloning nucleotides 3668–4068 to the PstI–EcoRI beads were then pelleted at 16,000 3 g for 30 s and washed twice
sites of pUR292 (Ru¨ther and Mu¨ller-Hill, 1983). for 5 min each in buffer A. After each wash, the immunoprecipitated
proteins bound to protein A and protein G were centrifuged at
16,000 3 g for 30 s, the supernatants were gently removed, and theGeneration of Anti-TRP Antibodies
beads were resuspended in 23 SDS sample buffer and boiled forThe pZCTRP fusion protein was expressed in E. coli K12 strain
3 min.BMH 71–18 and purified by electroelution from preparative SDS-
To perform Western blots, the immunocomplexes were fraction-polyacrylamide gels as described (Montell and Rubin, 1988). A 200
ated by SDS–PAGE (6% gel) and electrotransferred to PVDF mem-ml sample (z100 mg protein) was emulsified by sonication in 400 ml
brane (Westran, S&S) as previously described (Montell and Rubin,Freund’s complete adjuvant and introduced subcutaneously into a
1989). The PVDF membrane was blocked with buffer C (20 mM Tris-New Zealand rabbit. The rabbit was subsequently injected after 3
HCl [pH 7.5] and 200 mM NaCl) containing 5% nonfat milk for 1 hrand 6 weeks with similar quantities of the fusion protein emulsified
at room temperature and incubated at 48C for 10–16 hr with thein Freund’s incomplete adjuvant. Seven days following the last
appropriate antibody (at 1:1,000 dilution; see figure legends). Theboost, the animal was bled, and sera (aZETRP) was collected.
PVDF membranes were subsequently washed twice with buffer C
plus 5% nonfat milk and 0.05% Tween-20 and once with buffer CCalmodulin-Binding Assays
plus 5% nonfat milk for 15 min each time. Subsequently, the filtersThe calmodulin overlay assay was performed by fractionating
were incubated with 125I-protein A or 125I-goat anti-mouse IgG (1:5000b-galactosidase or GST-TRP fusion proteins (generated as de-
dilution; ICN) in buffer C plus 5% nonfat milk for 1 hr at room temper-scribed above) by SDS–PAGE, transferring to nitrocellulose, and
ature. The membranes were washed as before, then twice withprobing with biotinylated calmodulin (Life Technologies), as de-
buffer C, air-dried, and exposed to X-ray film (Kodak).scribed by the manufacturer.
To perform the calmodulin–agarose binding experiments, wild-
type fly heads (13 mg) were homogenized on ice in 1 ml buffer C INAD Overlay Assay
Fly heads (50) from wild-type, trpP301, trpl302, and norpAP24 were ho-(20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10% sucrose, 1% CHAPS,
5 mM EGTA, 10 mg/ml pepstatin A, and 13 c[I]mplete [Boehringer]) mogenized in a microfuge mortar and pestle (Kontes) with 300 ml
of 23 SDS sample buffer in ice. The homogenates were centrifugedusing a Dounce homogenizer with 20–30 strokes. The extracts were
centrifuged at 16,000 3g for 5 min at 48C to remove cell debris, and at 16,000 3g for 20 s at 48C. The homogenates were then stored in
40 ml aliquots at 2808C until further processing. The extracts were100 ml aliquots were stored at 2808C until used. The calmodulin-
binding reactions were performed by first equilibrating 100 ml of a fractionated by SDS–PAGE (6% gel) and transferred to PVDF mem-
brane (Westran, S&S) as described (Montell and Rubin, 1989). The50% slurry of calmodulin–agarose (Sigma) in buffer C or D (buffer
C plus 5 mM CaCl2) by three washes and then incubated with ex- proteins bound to PVDF membrane were partially renatured in buffer
A (20 mM Tris-HCl [pH 7.5], 200 mM NaCl, and 5% nonfat milk)tracts (5 or 60 min), which were previously diluted to a final volume
of 1 ml with 0.8 ml buffer C or D minus CHAPS to achieve a final containing 3% Tween-20 for 90 min and then in buffer A with 0.1%
Tween-20 for 30 min at room temperature as described (McNeillconcentration of 0.2% CHAPS (to perform the binding experiments
in thepresence of Ca21 [buffer D], the 100 ml aliquotsof head extracts and Colbran, 1995). The 35S-labeled INAD was produced using the
in vitro transcription–translation couple reaction (TNT system fromwere first supplemented with 10 ml of 5 mM CaCl2). The calmodulin–
agarose beads were then pelleted at 6,000 3g for 1 min, and the Promega) in the presence of 35S-methionine (ICN) according to the
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instructions from Promega. The radioactive probe (3 ml translation a visual mutant, A-type, of Drosophila melanogaster. J. Insect Phys-
iol. 18, 1773–1786.reaction per ml of buffer A plus 0.1% Tween-20 containing 13 c[I]m-
plete [Boehringer], 10 mg/ml pepstatin A, 1 mM EDTA, and 1 mM Cosens, D.J., and Manning, A. (1969). Abnormal electroretinogram
PMSF) was added to the PVDF membrane, which contained the from a Drosophila mutant. Nature 224, 285–287.
renatured bound proteins. The membranes were then incubated at Ehlers, M.D,, Mammen, A.L., Lau, L.-F., and Huganir, R.L. (1996a).
room temperature for 3–5 hr with constant agitation, washed five Synaptic targeting of glutamate receptors. Curr. Opin. Cell Biol. 8,
times with buffer A plus 0.1% Tween-20 and twice with buffer A 484–489.
free of nonfat milk for 10 min each. The membranes were air-dried
Ehlers, M.D., Zhang, S., Bernhadt, J.P., and Huganir, R.L. (1996b).and exposed to X-ray films (Kodak).
Inactivation of NMDA receptors by direct interaction of calmodulin
with the NR1 subunit. Cell 84, 745–755.
Preparation of Fly Heads for Transmission EM
Gomperts, S.N. (1996). Clustering membrane proteins: it’s all comingHeads from 25-day-old flies (reared at 258C under a 12 hr light–12
together with the PSD-95/SAP90 protein family. Cell 84, 659–662.hr dark cycle or in the dark) were prepared for transmission electron
Gordon, S.E., Downing-Park, J., and Zimmerman, A.L. (1995). Modu-microscopy as described (Porter et al., 1992) except that 0.1 M
lation of the cGMP-gated ion channel in frog rods by calmodulin andsodium phosphate (pH 7.4) was used as the buffering agent. Thin
an endogenous inhibitory factor. J. Physiol. (Lond.) 486, 533–546.sections were examined by transmission EM using a Zeiss electron
microscope. All flies examined were in a white background. Hardie, R.C., and Minke, B. (1992). The trp gene is essential for a
light-activated Ca21 channel in Drosophila photoreceptors. Neuron
8, 643–651.Immunolocalization
Immunolocalization was performed on hemisected fly heads pre- Hardie, R.C., and Minke, B. (1993). Novel Ca21 channels underlying
pared from: 1) w1118; InaDP215/InaDP215; 2) w1118; inaCP24/inaCP24; 3) w1118; transduction in Drosophila photoreceptors: implications for phos-
norpAP24/norpAP24; and 4) w1118. Flies were collected 1–3 days post- phoinositide-mediated Ca21 mobilization. Trends Neurosci. 9,
eclosion after being reared at 258C in the dark (w1118; InaDP215/InaDP215 371–376.
and w1118; norpAP24/norpAP24) or under 12 hr light–12 hr dark (w1118; Hardie, R.C., and Minke, B. (1995). Phosphoinositide-mediated pho-
inaCP209/inaCP209) conditions. Preparation of fly heads was as de- totransduction in Drosophila photoreceptors: the role of Ca21 and
scribed (Porter and Montell, 1993). The TRP antiserum (aZCTRP) trp. Cell Calcium 18, 256–274.
used for immunolocalizations was described above. Antiserum
Hsu, Y.T., and Molday, R.S. (1993). Modulation of the cGMP-gatedagainst RH1 (a-RH1) was a gift of S. Stowe (Australian National
channel of rod photoreceptor cells by calmodulin. Nature 361,University). The NORPA antibodies (a-PLC) were gifts of W.L. Pak
76–79.(Purdue University) and R.D. Shortridge (SUNY Buffalo), and the
Hu, Y., and Schilling, W.P. (1995). Receptor-mediated activation ofINAD antiserum (a-INAD) was generously provided by B.-H. Shieh
recombinant TRPL expressed in Sf9 cells. Biochem. J. 305, 605–611.(Vanderbilt University).
Huber, A., Sander, P., and Paulsen, R. (1996). Phosphorylation of
the InaD gene product, a photoreceptor membrane protein requiredAcknowledgments
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